XP variant (XP-V) cells lack the damage-specific polymerase g and exhibit prolonged replication arrest after UV irradiation due to impaired bypass of UV photoproducts. To analyse the outcome of the arrested replication forks, homologous recombination (HR, Rad51 events) and fork breakage (Rad50 events) were assayed by immunofluorescent detection of foci-positive cells. Within 1 h of irradiation, XP-V cells showed more Rad51-positive cells than normal cells, while neither cell type showed an increase in Rad50 foci. Beyond 1 h, the frequency of Rad51-positive cells reached similar levels in both cell types, then declined at higher UV doses. At these later times, Rad50-positive cells increased with dose and to a greater extent in XP-V cells. Few cells were simultaneously positive for both sets of foci, suggesting a mutually exclusive recruitment of recombination proteins, or that these pathways operate at different stages during S phase. Analysis of cells containing a vector of tandemly arranged enhanced green fluorescent protein genes also showed that UV-induced HR was higher in XP-V cells. These results suggest that cells make an early commitment to HR, and that at later times a subset of arrested forks degrade into double-strand breaks, two alternative pathways that are greater in XP-V cells.
Introduction
DNA replication forks that are arrested in XP variant (XP-V) cells following UV irradiation contain extended regions of single-stranded DNA caused by a block to replication on the leading strand (Cordeiro-Stone et al., 1997 . These single-stranded regions are sites for assembly of RPA and other binding proteins that signal the intra-S checkpoint (Zou and Elledge, 2003; Robison et al., 2004) . Single-stranded DNA can stimulate homologous recombination (HR) involving Rad51-mediated strand invasion, or be subject to breakage and consequent fork collapse (Limoli et al., 2000 (Limoli et al., , 2002a . To determine the relative importance of HR mediated by Rad51, as compared to fork breakage involving Mre11/Rad50/Nbs1 (the MRN complex), we have compared Rad51 and Rad50 focus formation and the generation of functional enhanced green fluorescent protein (EGFP) by HR in XP-V and normal cells. XP-V cells exhibit greatly enhanced replication arrest that facilitates the analysis of subsequent processing of the blocked forks.
The XP-V is a complementation group of the human disease xeroderma pigmentosum, which has mutations in the low-fidelity polymerase Pol Z (alternatively known as Pol H or hRad30A) (Johnson et al., 1999; Masutani et al., 1999) . In previous studies, we have found that Pol Z-negative XP-V cells, that also had an impaired p53 because of viral transformation, employed an MRNdependent recombination pathway to respond to UV damage (Limoli et al., 2000 (Limoli et al., , 2002a Thakur et al., 2001; Cleaver et al., 2002) . These results implied that one fate of arrested replication forks was to degrade into DNA double-strand breaks (DSBs). These breaks were detected soon after UV irradiation by the formation of large regions of phosphorylated histone, g-H2AX, in cell nuclei (Rogakou et al., 1998; Limoli et al., 2002a) . The development of DSBs after UV-induced replication arrest also induced MRN-containing foci that were coincident with g-H2AX and PCNA at stalled DNA replication forks (Limoli et al., 2000 (Limoli et al., , 2002a Cleaver et al., 2002) . In preliminary results, we found that foci containing Brca1 and Rad51 were not coincident with PCNA-arrested replication forks and these foci were similar in normal and XP-V cells (Scully and Cleaver, unpublished results) . This suggested to us that the Rad51-mediated strand invasion might not be a major factor in the recovery of arrested replication forks after UV irradiation.
To resolve the relative importance of these two alternative mechanisms of recovery from DNA replication arrest, we compared the formation of foci in normal and XP-V cells using Rad51 and Rad50 immunofluorescence, and functional recombination using a tandem reporter gene construct based on the EGFP. We find that there is a complex time-dependent response in which Rad51-mediated HR occurs early but Rad50 associated with fork breaks accumulated at later times.
Results

Recombination in cells containing EGFP reporter gene constructs
Previous studies of recombination using plasmid-based recombination substrates have shown that the rates of recombination depend on the genotype and the kinds of DNA damage used to stimulate recombination (Tsujimura et al., 1990; Godwin et al., 1994; Taghian and Nickoloff, 1997) . We therefore chose to investigate recombination in normal and XP-V cells using an EGFP-based vector that would afford a rapid detection without requiring 2-3 weeks of colony formation for quantification.
A total of 15 clones each from normal and XP-V cells containing the EGFP recombination substrate were UV irradiated and subjected to fluorescence-activated cell sorter (FACS) analysis. Increased recombination was evidenced by the relative increase in fluorescence derived from the number of EGFP-positive cells. Two distinct peaks were not observed due to the overlap between the autofluorescence of nonrecombinogenic clones, and the relatively small number of EGFP-positive recombinants, each with variable levels of intact EGFP. Instead, a steady fluence-dependent shift of the FACS peaks towards increased fluorescence was observed. To illustrate the difference between normal and XP-V cells, a typical experiment is shown in Figure 1 . Compared to normal cells (Figure 1, center) , XP-V cells showed a greater fluence-dependent increase in the peak fluorescence due to increasing numbers of EGFP-positive recombinants (Figure 1, bottom) . Mean fluorescence data derived from all clones were normalized to unirradiated controls and the relative increase in fluorescence is summarized in Figure 2 (left). There was a wide variation in the responsiveness of the different clones of EGFP-containing normal and XP-V cells, but on average the XP-V cells showed a greater increase in the number of recombinants at the lower UV dose (2.6 J/m 2 ), where the differences between XP-V and normal cells were found to be statistically significant (Kolmogorov-Smirnov (K-S) test, ANOVA, Po0.05). An individual clone each of normal and XP-V cells was picked, which showed significant differences in recombination frequencies, and a dose response was derived (Figure 2, right) . In this set, XP-V cells showed a higher spontaneous recombinant frequency and greater increases in HR than normal cells.
We have also determined that increased EGFP fluorescence can be detected in colonies allowed to develop over longer post-irradiation intervals. Cells exposed to UV light were allowed to grow for 10-14 days, then fixed and analysed for EGFP-positive green colonies. Colonies expressing EGFP were clearly visible within a background of nonfluorescent cells (data not shown). While further studies will be conducted to analyse the molecular nature of the recombinant EGFP molecules, previous studies have shown that the majority of recombinants seen following UV are actually gene conversions in which an original mutant gene is retained, but used for correction of the partner (Tsujimura et al., 1990) . Sufficient for this study, however, is the observation that recombination frequencies are higher in XP-V cells than in normal cells.
Accumulation of Rad50 recombination foci following UV irradiation
Initially, at 0.5 h after UV, no increase in Rad50-positive cells could be detected in normal or XP-V cells ( Figure 3a Figure 3 exhibit the same time and dose responses that were seen previously using antibodies to Mre11 and to g-H2AX. In these previous studies, Mre11 foci were coincident with PCNA at arrested replication forks (Limoli et al., 2000 (Limoli et al., , 2002a . We have previously shown that pol Z deficiency exacerbates replication arrest after UV damage (Laposa et al., 2003) , and that arrested forks become sites for the formation of foci containing g-H2AX and the MRN complex (Limoli et al., 2000 (Limoli et al., , 2002a . The modification and assembly of these proteins suggest that cells are responding to the development of DSBs. The initial lag in appearance of focus-positive cells indicates that a time interval is required for chromatin remodeling and assembly of multiple components that mediate the processing and degradation of the arrested forks. We have seen a similar, but longer, time lag in cells arrested by hydroxyurea before fork degradation ensues (Limoli and Cleaver, unpublished observations) .
Assembly of Rad 51 recombination foci following UV irradiation
A rapid increase in focus-positive cells occurred within 0.5 h of UV irradiation, with much greater yields in XP-V cells than in normal cells at all three UV doses ( Figure  4a, b) . In general, the frequency of focus-positive cells increased with time and dose over the 4 h after irradiation, but exhibited a more complex dose response than for Rad50 (Figure 4a, b) . This is particularly evident at 4 h after UV irradiation, where the yield of focus-positive cells saturated at low dose (2.6 J/m 2 ), then declined at higher doses (6.5-13 J/m 2 ) (Figure 4b ). Furthermore, the yield of Rad51 focus-positive cells found at longer post-irradiation times (2-4 h) was not significantly different between XP-V and normal cells.
Simultaneous formation of Rad50 and Rad51 recombination foci after UV irradiation
To determine whether Rad50 and Rad51 represented competing pathways, we scored cells that were positive for both Rad50 and Rad51 foci simultaneously (Table 1 ). The yield was very small for both normal and XP-V cells, consistent with previous results indicating that the two pathways are mutually exclusive (Maser et al., 1997; Paull et al., 2000) .
Discussion
Arrested replication forks present a particularly complex issue for mammalian cells. Large numbers of proteins, requiring varying degrees of modification (phosphorylation, ubiquitylation, etc.) , are needed for both normal DNA replication and for negotiating past damaged sites and restoring replication after premature arrest (Scully et al., 2000; Zou et al., 2002; Zou and Elledge, 2003) . Consequently, the proteins that accumulate at replication forks are likely to be complex, dynamic, dose-and time-dependent aggregates that depend on the genetic constitution of the cell and the particular damage that caused the arrest. Multiple competing reactions may therefore occur, some devoted to restoring replication and some that represent more damaging toxic outcomes. Major differences occur between replication arrest and recombination caused by fork-blocking lesions from UV damage and that caused by chemical inhibitors such as hydroxyurea (Saintigny et al., 2001; Limoli and Cleaver, unpublished observations) . The various reactions may also be multilayered in the sense that some take priority over others, and removing some by genetic ablation will uncover and A major player in replication arrest is p53, which binds to RPA that will coat exposed single-stranded DNA that is particularly prominent after UV-induced arrest (Lehmann et al., 1975; Cordeiro-stone et al., 1999) . Another major player in UV-induced arrest is the low-fidelity polymerase pol Z, which is mutated in the XP-V cells used in this study (Thakur et al., 2001; Broughton et al., 2002) . This polymerase is recruited rapidly to sites of replication arrest and represents the first response of DNA replication to UV damage (Kannouche et al., 2001 (Kannouche et al., , 2003 Thakur et al., 2001) . When pol Z is absent, UV-induced arrest is greatly enhanced and alternative pathways are required for recovery of DNA replication. At least two pathways are evident, according to whether p53 is functional. In cells with functional p53, recombination is suppressed Cleaver, 1979b) . The mechanism involved is unknown, but may involve Rad17-RFC(2-5), Rad9-Hus1-Rad1, and related components (Wang et al., 2000; Li et al., 2002; Zou and Elledge, 2003) . In transformed cells with inactivated p53, or cells transfected with mutated p53, recombination is enhanced (Buchhop et al., 1997; Saintigny and Lopez, 2002; Linke et al., 2003) . We have previously reported that there is a large increase in replication fork breakage in transformed cells as compared to primary cells, as detected by the formation of immunofluorescent foci containing g-H2AX and the MRN complex coincident with the replication fork marker protein PCNA (Limoli et al., 2000; Limoli et al., 2002a, b) . The present study was therefore designed to investigate the relationship between HR by both Rad51 foci formation and functional EGFP generation, and a breakage-dependent pathway involving the formation of Rad50 foci. The results also shed light on our previous report of increased sister chromatid exchange (SCE) frequencies after UV irradiation of transformed XP-V cells (Cleaver et al., 1999) . These past studies with XP-V cells showed a large increase in SCEs, but the EGFP recombination following UV irradiation only showed increases at low UV doses compared to normal cells (Figure 2 ). Recombination using a similar vector based on tandem hygromycin resistance genes in repairdeficient XP cells was analysed in detail at the molecular level, and most recombinants occurred through gene conversion events (Tsujimura et al., 1990) . Gene conversion is more readily interpreted as due to strand invasion between related sequences involving Rad51-dependent HR, than as arising through strand breakage and rejoining (Bollag et al., 1989) . However, while our results suggest that the observed EGFP recombination is a HR event that correlates to the formation of Rad51 foci seen at early times after UV irradiation, we cannot discount the potential role that Rad50 may play in this process. Rad50 foci may represent different breakage events at replication forks that have been arrested for longer times and become subject to degradative forces. In either case, it is likely that the increased SCE yields and EGFP fluorescence found in UV-irradiated XP-V cells (Cleaver et al., 1999) are manifestations of recombination events arising from fork breakage during passage through the S-phase (Painter, 1980) .
The immunofluorescence results indicate a complex relationship between Rad50 and Rad51 that is summarized in Figure 5 . Early times after UV are particularly informative. Within 0.5 h of UV irradiation, which is during the time of maximum inhibition of DNA synthesis (Park and Cleaver, 1979a, b) , Rad51-mediated foci increased rapidly. The early formation of Rad51 foci may correspond with the association of this protein to expanded regions of ssDNA caused by asymmetrical fork blockage in UV-irradiated XP-V cells (CordeiroStone et al., 1997 (CordeiroStone et al., , 1999 . In this scenario, Rad51 may mediate the earliest recombination events at arrested replication forks whereby strand invasion between daughter strands leads to productive recombination that is observed as increased EGFP fluorescence. The lack of a large difference between pooled clones of normal and XP-V cells in their average recombinant yields (Figure 2 ) would be consistent with the overlap of the frequencies of Rad51 focus-positive normal and XP-V cells. Given this latter finding and the structure of the recombination vector used (Figure 1) , results are also consistent with HR as the primary mechanism involved in producing EGFP-positive cells. Interestingly, higher UV doses actually led to a decline in Rad51 foci-positive cells (Figure 4a, b) . One plausible interpretation of these results is that higher doses stimulate the preferential recruitment of Rad50 (MRN complex) into repair foci at sites of stalled replication forks. Recent findings showing that replication arrest triggered by large UV doses led to the phospho-dependent colocalization, and interaction of RPA and the MRN complex at stalled forks supports this possibility (Robison et al., 2004) .
Protracted replication arrest appears to result in a steady increase in fork breakage that resulted in increasing frequencies of Rad50-positive cells ( Figure  3a, b) , and in Mre11 and g-H2AX focus-positive cells in our earlier studies (Limoli et al., 2000; Cleaver et al., 2002; Limoli et al., 2002a) . In other work using replication forks arrested by hydroxyurea, we showed that the Mre11 foci only accumulated to significant extents at longer times when toxicity occurred (Limoli and Cleaver, unpublished observations) , suggesting that as replication arrest persisted fork breakage increased, leading to toxic levels of DSBs in cells. The MRN complex may form in closer proximity to replication forks containing PCNA, than does Rad51, suggesting different spatial relationships between the sites of strand invasion and those of breakage (Limoli et al., 2000) . The foci that we observed previously (Limoli et al., 2000) , and in the present studies, corresponded in appearance to the larger, late foci described as occurring after X-ray Figure 5 Interpretation of the Rad50, Rad51 and recombination experimental results. We propose that replication arrest is first channeled into a replicative bypass pathway employing the lowfidelity pol Z, or an alternative bypass mode in XP-V cells which lack pol Z. In XP-V cells with inactivated or mutant p53, several alternative mechanisms ensue. Rad51-mediated foci are formed leading to small increases in HR at early times and low UV doses. Protracted arrest leads to fork breakage and the appearance of cells containing g-H2AX and MRN foci, and a higher yield of recombination events damage on refractory DSBs that were repaired slowly or were difficult to resolve (Petrini and Stracker, 2003) .
Precise details regarding the transition between fork arrest and breakdown are unclear at present, but may underlie current (Table 1 ) and past (Maser et al., 1997; Paull et al., 2000) observations showing that very few cells exhibit both Rad51-and Rad50-containing foci at the same time. This suggests that cells containing arrested replication forks are committed early either to HR or to fork breakage. Alternatively, the HR complexes containing Rad51 may actively prevent fork breakage or could disperse before fork breakage occurs. These alternatives could depend on the position of cells in the S phase and how much DNA replication has already occurred. What is clear is that XP-V cells are subject to multiple fates that depend on a series of complicated events set in motion by the inherent inability to negotiate efficiently past replication impediments such as UV dimers. Dysfunctional translesion synthesis leads to the hypermutable phenotype of XP-V cells, but also sets the stage for alternative recombination pathways to predominate under conditions of replication arrest and in the presence of additional genetic alterations (i.e. mutant p53). Resolving the details regarding the assembly and regulation of the multiprotein complexes involved in replication arrest, fork breakage, and recombination (Scully et al., 2000; Wang et al., 2000) will promote our understanding of the mechanisms leading to the loss of genomic integrity and the onset of cancer.
Materials and methods
Cell cultures
Experiments were performed using SV40 transformed normal (GM637) and XP-V (XP30RO, derived from GM3617) cells (Cleaver et al., 1999) . Cultures were maintained in Eagle's minimal essential medium with 10% fetal calf serum and antibiotics. Cultures were irradiated with doses up to 13 J/m 2 UV (254 nm) light.
EGFP recombination vector and colony isolation
A recombination vector was constructed to contain two tandemly oriented EGFP genes, in which the upstream EGFP gene driven by a CMV promoter contained an inactivating insertion (creating a unique XhoI site), while the downstream EGFP gene contained no promoter (Figure 1, top) . This recombination substrate also contained a selectable neomycin marker in addition to the two inactive unidirectional EGFP genes. Recombination events between these two genes that produce an intact EGFP gene would therefore lead to an increased fluorescence in those cells. Since recombination events that generate a functional EGFP molecule can be measured by FACS analysis, this assay provides a convenient and rapid screen for functional EGFP recombinants.
Exponentially growing cultures of repair-competent GM637 (normal) or replication-defective XP30RO (XP-V) fibroblasts were transfected with the EGFP construct and placed under selective pressure (600 mg/ml G418) 2 days later. Well-formed colonies arising after 10-14 days were isolated and expanded to mass culture for the recombination studies described.
EGFP recombination assay
Individual clones (a total of 15 from each genetic background) containing the recombination vector were expanded and plated at 0.5-1 Â 10 6 cells/100 mm dish for the analysis of UV-induced recombination. Cells seeded 1 day prior to UV irradiation were exposed to low fluences (2.6 and 6.5 J/m 2 ) that correspond to less than one D 37 (Cleaver and Thomas, 1988) . Irradiated cells were then grown an additional 72 h before FACS analysis. Cells harvested and subjected to FACS were analysed at 530 nm. FACS histograms were derived from ungated data and the means compared for statistical significance using the K-S test provided with the Cell Questt software. This twosample test returns a P-value based upon the difference between data sets.
Immunofluorescence
Cells were fixed up to 4 h after UV irradiation, stored dry at À701C, and later processed for immunofluorescence using rabbit antibodies to Rad51 and Rad50, as described previously (Limoli et al., 2000 (Limoli et al., , 2002a .
Cell preparations were analysed using a Nikon Eclipse E600 fluorescent microscope equipped with a Spot RT Slider digital camera (Diagnostics Instruments, Sterling Heights, MI, USA). Individual fluorochromes were visualized through a single bandpass filter for FITC or rhodamine. We have previously shown that after UV irradiation foci containing PCNA, g-H2AX, and Mre11 colocalize, indicating that foci accumulated at sites of DNA replication arrest (Limoli et al., 2000 (Limoli et al., , 2002a Cleaver et al., 2002) . Slides were scanned by eye at a magnification of Â 630 for the presence of Rad51 and Rad50 foci. Cells that contained five or more foci per nucleus were scored as positive, and a total of 500 cells per slide were quantified.
